ABSTRACT A new technique, which can increase the wireless light fidelity channel capacity based on the white light emitting diode, is proposed. It is implemented by using the non-orthogonal frequency shift keying and the sparse carrier sampling at the same time. The proposed method is verified by using the 1-meter wireless visible light communication link with the 30-MHz frequency response. The maximum power penalty due to the sparse carrier sampling is 6 dB at the compression ratio of 62.5 %. The bit error rate of 9.5 × 10 −4 is measured at the frequency spacing of 0.1 MHz (1% of 10-MHz RF carrier). The wireless channel capacity of 130 Mb/s, which corresponds to 13 times of on-off keying-non-return to zero signal (10Mb/s), is obtained at the compression ratio of 70 % using the proposed technique. We also confirm that the 16-NoFSK signal with the 26-dB input signal to noise ratio can be recovered even at the compression ratio of 75 % when the received optical power is more than −6 dBm.
I. INTRODUCTION
Wireless light fidelity (Li-Fi) transmission technique, which combines visible light emitting diode (LED) with wireless fidelity (Wi-Fi), has been recognized as a technology to overcome and compensate the drawbacks of the existing Wi-Fi network [1] , [2] . The Li-Fi has the following technical advantages [3] .
• Spectrum and bandwidth: Existing fixed wireless services are evolving into Wi-Fi, which shows several Gbps speed [4] . As wireless data rates increase, more bandwidth is required. Therefore, as it evolves beyond 5G, RF frequency resources are expected to become increasingly scarce [5] , [6] . However, because the visible light frequency is 10,000 times larger than the RF frequency band and its bandwidth (∼ 400 THz) is much larger than
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• Interference: The visible light does not interfere with the RF signal [9] . Thus, Li-Fi technology based on visible light is suitable for wireless data transmission in medical and aerospace applications sensitive to the effects of interference between RF signals [10] .
• Security: Although RF signals can propagate through obstacles such as walls, light emitted from the LEDs is confined within a physically enclosed space, which can provide greater security than RF-based wireless transmission.
• Safety: Unlike infrared rays, there is no health risk to the visible light when the LED is used for illumination of the space according to the eye-and-skin safety regulations [11] .
• Implementation: Since the Li-Fi system uses the existing LED lighting infrastructure, it can be implemented with a relatively simple and inexpensive data processing module operating in the baseband [2] .
• Cost: While using a conventional 2.4GHz band RF link, it costs about $ 5 to transmit 1Mb/s data based on a 10m transmission distance. In contrast, it was reported to send data of 4 Mb/s using a module, which cost about $1, in the Li-Fi link [12] . However, since the visible LED exhibits a low frequency response of 10 MHz or less by the use of yellow phosphorus as compared with that of communication LED, the wireless transmission rate is limited seriously [13] , [14] . To solve this, various techniques, which utilize electrical/optical hardware and software, have been proposed to increase the transmission rate. A detailed description of this is given in Section II.
In this paper, we propose a sparse sampled non-orthogonal frequency shift keying (NoFSK) to increase the wireless light fidelity channel capacity. Here, we can set the frequency interval among digitally sampled sinusoidal carriers to be much smaller than the bandwidth using NoFSK modulation and the sinusoidal carrier waveforms without distorting the shape can be compressed using the sparse carrier sampling. We can track the movements of the signal and then reduce its total length by increasing the sparsity using the proposed sparse carrier sampling.
The remainder of this paper is organized as follows. The results of previous studies related to the proposed method are summarized in Section 2. Section 3 describes the proposed sparse sampled NoFSK. Section 4 shows the optical wireless link experiment that is implemented to verify the proposed technique and Section 5 presents various experimental results. Finally, Section 6 summarizes and concludes the paper.
II. RELATED RESEARCH
As mentioned in the introduction, the proposed method is one of the research fields that increases the transmission capacity of Li-Fi links based on white LED for illumination with a frequency response of 10MHz or less. The existing research methods can be classified into four categories as follows: Equalization, LED structure, Modulation, and Multiplexing.
• Equalization: This is a method of reducing the response of the low-frequency band and increasing that of the high-frequency band using an electric circuit or a digital signal processing (DSP) technique. In 2008, an on-off keying-non-return to zero (OOK-NRZ) wireless transmission with a data rate of 40 Mb/s using multiple resonant equalization is demonstrated in Li-Fi link based on phosphorescent LED with 2-m transmission length [13] . In 2014, H. Li et al. showed that OOK-NRZ data transmission of 340 Mb/s was achieved using blue filtering and the post-equalization circuits (two passive equalizers and one active one) in a 43-cm Li-Fi link based on white LED with the help of the forward error correction [15] . [20] . In 2014, the data rate of 3 Gb/s was obtained using OFDM and 50-um gallium nitride LED [21] . 4.22-Gb/s 512 QAM data transmission was demonstrated using SC-FDE, and the data rate of 4.5 Gb/s with CAP has been achieved [22] , [23] .
• Multiplexing: These techniques have been proposed in order to increase the channel capacity of Li-Fi system. The main multiplexing method can be summarized as multiple input multiple output (MIMO) and wavelength division multiplexing (WDM). A.H. Azhar et al. implemented a 4 × 9 MIMO system and transmitted 1 Gb/s OFDM signal over 1m wireless transmission [24] . For the WDM technique, a WDM system using the RGB LEDs was implemented to achieve a data rate of 3.4 Gb/s [14] . Among the above-mentioned research fields, the NoFSK scheme corresponds to the modulation field and the sparse carrier sampling for compressing the length of transmission data can be said to belong to the equalization field. However, it can be said that the proposed technique differs from the above-mentioned techniques in that both the nonorthogonality technique and the compression method, which reduces the sampling length of the Li-Fi signal, are employed simultaneously to reduce the occupied bandwidth. Figure 1 shows how the sparse sampled NoFSK signal is generated. First, N sinusoidal carriers with RF frequencies from f 1 to f N are digitally sampled using digital signal processor. N-ary NoFSK signals are encoded after the pseudo random bit sequence (PRBS) with log 2 N bits are allocated to N digitally sampled sinusoidal carriers using software switch according to the FSK rule. N-ary NoFSK signal can be represented as shown in Eq. (1).
III. SPARSE SAMPLED MULTI-LEVEL NON-ORTHOGONAL FREQUENCY SHIFT KEYING A. N-ARY NON-ORTHOGONAL FREQUENCY SHIFT KEYING AND SPARSE CARRIER SAMPLING
where T s = T k −T 1 is total sampling time which corresponds to a single symbol, E s is the energy of N-ary NoFSK signal, f c is the angular frequency of the digitally sampled sinusoidal carrier, f is the frequency interval between adjacent carriers, and t(i) is a discrete sampled time during one symbol
. Thus, if the N-ary NoFSK signal is composed of M symbol s, the total number of sampling points is k × M. In Eq. (1), we can set f to be much smaller than the occupied bandwidth because the proposed scheme has non-orthogonal properties. Next, we can reduce the total number of samples of N-aryNoFSK signals with M symbols using sparse carrier sampling, i.e., they can be compressed as follows. Here, sparse means that the ratio of non-zero components among the components of the overall signal is very small. The reason we convert the original signal into a signal with high sparsity using the proposed sparse carrier sampling is as follows. It is well known that, when being converted to a signal having high sparsity, it is possible to recover the original signal within an allowable error range using the L 1 minimization technique [9] , [10] . Let h be the number of samples per symbol decreased after sparse carrier sampling. As shown in the lower half part of Fig. 1 , the samples corresponding to the local maximum and minimum values (filled black circles) for one symbol duration are first chosen. Suppose that the number of the selected samples having maximum and minimum values is a 1 . Then, the remaining number of times we can sample is a 2 = h − a 1 . Finally, it is sampled a 2 times at regular intervals (filled grey circles). When the number of sampling points before and after sparse carrier sampling is compared, the number of times of not sampling is a 3 = k − h (open black circles). After that, we use inverse discrete cosine transform (IDCT) to convert the selected samples (h = a 1 + a 2 ) into them with high sparsity in the IDCT domain. Therefore, the sparse sampled N-ary NoFSK signal is generated. Figure 2 shows how the sparse sampled N-ary NoFSK signal is changed into a N-ary FSK symbols using the digital correlation and the sparse carrier sampling. Using L 1 minimization, the mathematical relationship between sparse sampled N-ary NoFSK signal and recovered N-ary NoFSK signal can be described as shown in Eq. (2) .
where y is the received sparse sampled N-ary NoFSK signal, and x is the recovered N-ary NoFSK signal, and
is an optical wireless channel matrix. Typically, q p because H matrix is sampled from the received N-ary NoFSK signal. It can be successfully recovered using L 1 minimization when the received sparse sampled N-ary NoFSK signal is sparse and H matrix has the restricted isometry property. The original N-ary NoFSK signal is recovered using a pursuit optimization as shown in Eq. (3).
The recovered N-ary NoFSK signal is correlated digitally with all digitally sampled carriers at the same time. For example, the first digitally sampled carrier, f 1 is correlated with the recovered N-ary NoFSK signal during the one N-ary NoFSK symbol duration. Digital correlation of all steps from f 1 to f N is executed and then all correlation coefficients (r 1 , r 2 , . . . , and r N ) are saved in a buffer. The largest correlation coefficient (r max ) is chosen among the saved ones. Finally, the digitally sampled carrier (f max ) corresponding to r max is determined and then FSK symbol is decoded according to the FSK rule. Figure 3 shows the white LED based optical wireless link that is implemented to verify experimentally the proposed technique. The 3-dB frequency response of optical wireless link was measured at 30 MHz. The dashed boxes of Fig. 3 were implemented using MATLAB R . The PRBS length was 2 23 − 1. The insets at the bottom of Fig. 3 show the waveforms measured at black points. They corresponded to the first 36 bits of used PRBS signal. The modulation order of FSK was 16. 16-NoFSK symbol was encoded using the PRBS signal according to NoFSK rule. 16 carriers for 16-NoFSK modulation were sampled digitally using digital signal processing (DSP) from 10 MHz to 11.5 MHz. The frequency spacing between adjacent carriers was 1 % of 10-MHz frequency. It means that the frequency interval of the carrier was set to be much narrower than the channel bandwidth when we generated the 16-NoFSK signal. Next, the total length of 16-NoFSK signal waveform was reduced to 50 % using the sparse carrier sampling. The sparse sampled 16-NoFSK signal waveform was loaded into an arbitrary waveform generator (AWG: Tektronix 70002A) and then converted into an electrical waveform. At that time, the sampling rate of the AWG was 300 MS/s and the number of sampling point per sparse sampled 16-NoFSK symbol was 30. The output signal from AWG was equalized using 1st order equalizer and then amplified using a low noise amplifier (PE15A, 9 kHz -3 GHz, 30 dB signal gain, 2.5 dB noise figure) . The amplified sparse sampled 16-NoFSK signal was biased at 0.3 A by a DC source at bias tee. Thereafter the light from white LED was modulated by the biased sparse sampled 16-NoFSK signal. The modulated LED light was transmitted wirelessly to the avalanched photo-detector (APD) via a blue filter and biconvex lens. The wireless transmission length was 1 meter. The received light intensity was measured at 200 lux. The received LED light was changed into an electrical signal at the APD and then the electrical signal was captured using a real-time sampling oscilloscope (MSO 71604C). The captured waveform was sampled at 1.2 GS/s and then recorded. The saved waveform was recovered to the original 16-NoFSK signal using L 1 minimization and then demodulated using the digital correlation at shown in the right dashed box of Fig. 3 . The bit error rate (BER) of the 16-NoFSK signal was measured before and after applying the sparse carrier sampling technique to investigate the effect of the signal compression using the sparse carrier sampling. A dashed arrow represents the 16-NoFSK signal transmission without the sparse carrier sampling while a solid arrow indicates the case of sparse carrier sampling. Figure 4 shows how the intensity of 16-NoFSK signal is changed before and after the sparse carrier sampling followed by IDCT. The solid line represents the 16-NoFSK signals converted by IDCT after being compressed by 50 % using the sparse sampling technique, and the dotted line represents the 16 No-FSK signals converted by IDCT without sparse sampling. In order to compare the degree of sparsity (the ratio of the components that are close to zero or zero in the total signal), the signal components, which are transformed by IDCT conversion, are sorted in descending order by intensity. As shown in Fig. 4 , it can be seen that the minimum intensity of the 16-NoFSK signal (solid line) after sparse sampling was decreased from 10 −6 to 10 −12 compared to 16-NoFSK signal (dotted line) which is not sampled sparsely. Also, it would be found that the intensity of the 16-NoFSK signal as a whole is reduced after sparse sampling and IDCT. These results indicate that the sparsity increased after the sparse sampling. As mentioned in Section II.B, a compressed signal with high sparsity may reduce the error that occurs when recovering the original signal using the L 1 minimization technique. Fig. 5 , when the SNR of the input signal was more than 24 dB, it was found that the sparse sampled 16-NoFSK signal could be transmitted successfully with the help of the forward error correction (FEC). It was found that the power penalty due to the sparse carrier sampling was about 4 dB at the limit (2 × 10 −3 ) of FEC. It was caused by errors, which occurred during the reconstruction of the sparse sampled 16-NoFSK signal using L 1 minimization. Figure 6 shows how the power penalty would change as the compression ratio increases from 12.5 % to 62.5 %. The power penalty was obtained by measuring the difference in the SNR of the input signal corresponding to the BER of 2 × 10 −3 before and after applying sparse carrier sampling. Here, the compression ratio is defined as the ratio of the total sampling length of the sparse sampled 16-NoFSK signal to the total sampling length of 16-NoFSK signal before applying sparse carrier sampling. As shown in Fig. 6 , the increase of the power penalty was observed up to 6 dB when the compression ratio was increased from 12.5 % to 62.5 %. This result is due to the following reasons. The increase in the compression ratio means that the number of sampling point required to recover the original 16-NoFSK signal is reduced. Therefore, the BER is increased inevitably when the 16-NoFSK signal is recovered using the L 1 minimization technique.
IV. EXPERIMENTAL SETUP

V. EXPERIMENTAL RESULTS
Since the proposed modulation technique has the nonorthogonal property, it is necessary to investigate how the sparse carrier sampling and L 1 minimization affect the transmission performance of the 16-NoFSK signal when the frequency spacing of the RF carrier is set smaller than the bandwidth. Figure 7 shows how the BERs of 16-NoFSK signal are changed as the frequency spacing of RF carrier increased from 0.1 MHz to 1.1 MHz. Filled squares represent the BER of a 16-NoFSK signal recovered using L 1 minimization from a compressed 16-NoFSK signal when the SNR of the input signal before sparse carrier sampling is 10 dB. Open circles and triangles show the BERs of 20-dB and 30-dB SNR, respectively. As shown in Fig. 7 , it was found that as the frequency spacing increased, the BER decreased with respect to the SNR of the input signal in all cases. Especially, in case of the 10-dB SNR, it can be seen that the wireless transmission of the sparse sampled 16-NoFSK signal would be transmitted successfully with the help of FEC when the frequency spacing was above 1.1 MHz. Also, we checked that the BER of 9.5 × 10 −4 was obtained at the frequency spacing of 0.1 MHz (1 % of the first RF carrier) when the SNR of input signal was 30 dB. The causes of the decrease in BER are as follows. Since the 16-NoFSK signal, which is recovered using L 1 minimization at the receiver, is demodulated into symbols using digital correlation techniques, it is increasingly likely that the local RF carrier of the receiver will distinguish between signals having the same frequency and signals having different frequencies as its frequency spacing increases. Also, the BER floor corresponding to 1.2 × 10 −7 was observed in case of 30-dB SNR. This is because it is impossible to measure the BER less than 1.19 × 10 −7 due to the PRBS length of 2 23 − 1. Figure 8 shows the variation of BER and transmission rate of 16-NoFSK signal as the compression ratio increased from 0 % to 87.5 %. At that time, the SNR of input 16-NoFSK signal before the sparse carrier sampling was 30 dB, and the frequency spacing between adjacent RF carriers was 0.1 MHz. As shown in Fig. 8 , the maximum BER was measured to 7.7×10 −2 at the compression ratio of 87.5 %. Also, we found that 16-NoFSK signal was capable of being compressed up to 70 % of the original signal length using FEC technique (FEC limit: 2 × 10 −3 ). Therefore, it was found that the wireless transmission capacity was improved 13 times (130 Mb/s) more than NRZ-OOK signal (10 Mb/s) at the compression rate of 70 % and the physical bandwidth of 10 MHz in the experimental setup of Fig. 3 . Fig. 3 . The BER was repeatedly measured at each compression ratio while varying the received optical power using a liquid crystal attenuator (LCC1620, Thorlabs). At this time, the SNR of input signal was 26 dB. As shown in Fig. 9 , it can be seen that sparse 16-NoFSK signals with two different compression ratios (25% and 50%) as well as the original 16-NoFSK signal can be successfully transmitted using FEC (its limit: 2×10 −3 ) when the received optical power is greater than −14 dBm. Furthermore, even 16 No-FSK signal sampled at 75% compression ratio can be successfully transmitted at the received optical power of −6 dBm or more. Figure 10 shows the measured illuminances and their received optical powers required to obtain the BER of 2 × 10 −3 at three different compression ratios (25 %, 50 %, and 75 %). The illuminance of white LED light was measured using an illuminometer before blue filter in the experimental setup of Fig. 3 . As shown in Fig. 10 , as the compression ratio increases to 75 %, it was founded that the amount of light was required 25 times (1715 lx) more than the original 16-NoFSK signal (0 % compression ratio: 68 lx) at the FEC limit (BER of 2 × 10 −3 ).
VI. CONCLUSION
We proposed new modulation technique in order to increase the channel capacity of wireless Li-Fi transmission link based on white LED. We introduced the combination of NoFSK and sparse carrier sampling in this paper. Non-orthogonality VOLUME 7, 2019 allows us to save the occupied bandwidth usage of FSK signal, and the sparse carrier sampling makes us compress the NoFSK signal by reducing the signal length. The wireless channel capacity was implemented by using the two techniques at the same time. In terms of the non-orthogonality, the BER of 9.5×10 −4 was measured at the frequency spacing of 0.1 MHz, which corresponds to the 1 % of the 10-MHz RF carrier. We have increased the wireless transmission capacity up to 13 times (130 Mb/s) more than that of the NRZ-OOK signal at 10 MHz physical bandwidth using the sparse carrier sampling as well as the NoFSK modulation. It was confirmed that it was possible to recover the sparse sampled 16-NoFSK signals at two different compression ratios (25%, and 50%) when the received optical power is −14 dBm or more, except for the case of 75% compression ratio.
It has been verified that the proposed technique could remarkably improve the Li-Fi channel capacity by the experimental results presented in this paper. However, it is necessary to solve the following technical issues in order to apply the proposed technique in real networks. Since the proposed method is implemented on the basis of DSP, the Li-Fi transceiver equipped with a DSP circuit is required. Therefore, it is necessary to study the DSP circuit design technology operated by the proposed technique. Also, the time of recovering the original 16-NoFSK signal from the sparse sampled 16-NoFSK one is required inevitably after the sparse sampled 16-NoFSK signal is received. Therefore, it is necessary to optimize the L 1 minimization algorithm to reduce the time it takes. 
